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. : " Abstract

. Polymethacrylamide (PMAAm) and copolymers of MAAm with methyl methacrylate vere
- synthesgged and evaluated for their applicability to electron beam lithography. The
: sensitivigg:of PMAAmM has previously been reported as less than 1 uC/ca?, with thermal
Tt stability at temperatures up to 330°C.' Despite these claims, further lithographic
v+ evaluation of this resist system is apparently absent from the literature. This reseacch
was conducted to further investigate the lithographic performance of these resists and to
determine their sensitivity using curreat definitions., .

Using PMAAm homopolymer {(Mw = 8.1 x 10%), with a 15 minute prebake at 200°C, the
lithographic results were amuch poorer than expected. Patterns exposed to doses of
10 uC/cm? or lower could not be developed using water as the developing solvent. Forced
developing with Na,Si0, solution (pH=10) developed lower doses than water, but much
greater thinning was observed. An unexposed thinning of 10% occurred vhen developing
exposures of 15 uC/cm® with water, and #0 yC/ce® with Na,S10, solution (20 KV)., Swelling
of the unexposed polymer and some adhesion problems were observed.

The high sensitivity previously reported for PMAAm' can not be attributed solely to
chain scission efficiency (Gs), which has been reported to be only 1.5 times that of PMMA?®
(Gs determined by Y-irradiation). An jnduction period in the dissolution of unexposed
polymer has also been sugggested as contributing to the sensitivity of this resist. In
the present work, dissolution induction periods were observed witn laser interfecometcy
for the unexposed films, but the magnitude of these induction periods could not account
for a large enhancement of sensitivity, Imide crosslink formation may have been
responsible for the previously reported sensitivity of PMAAa.' In the present work, imide
formation was not observed, either after prebaking coated wafers at 180 to 240°C or
heating of polymer solutions for 7 hours at 80°C. Apparently, the conditions for useful
formation of Imide are difficult to reproduce.

3ecause of the problems encountered with the PMAAm homopolymer during lithography, a
series of MMA - MAAm copolymers were synthesized and evaluated as potential resists.
These copolymers eliminated the problems of swelling and poor solubility of the
homeopolymer, but sensitivity enhancement over that of PMMA was minimal.

Introduction

The search continues for a highly sensitive positive electron beam resfist. Many {Jc}\,
researchers ace presently working toward the goal of pr-ducing a resist with sensitivity '-‘4;ﬁf
in the 1 uC/cm® range, which concurrently exhibits good thermal stability and reactive fon Q;\:ﬁ\
etch resistance. L
TN

Several years ago, workers in Japan reported on polymethacrylamide (PMAAR) as a ARy
positive electron resist. They reported a sensitivity of adbout 0.6 uC/cm® at an . Jﬁt:!

accelerating voltage of 20 KV and thermal stability at temperatures up to 330°C.*

Although this work is referenced in numerous review articles, there 13 spparently no
further work reported on this resist since the original work was completed. This is
surprising, given the excellent sensitivity originally reported. s

In the present work, methacrylamide polymers are synthesized and evaluated with the
intention of reproducing previous sensitometry and then {mproving on the resist systea dy*
evaluating similar polymers and copolysers of methacrylamide. The factors influencing the
sensitivity are investigated, including chain-scission efficiency, predake conditions, .
developing systems, and dissolution induction periods. ’

. 8
Expecimental E

- ‘ u..'.-,\ o

Polymethacrylamide (PMAAm) homopolymers and sethacrylaside - methyl smethacrylate -,\¢}¢
copolymers (MAAm-MMA) were synthesized by free-radical polymerization, initiated with : AN
potassius persulfate. The polymerizations vere carried out in aixtures of water and R ‘f{f*j
« o A
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Us1ng PMAAm homopolymer (Mw = 8.1 x 105),‘w1th a 15 minute prebake at
200‘C the lithographic results ware much poorer than expected. Patterns
exposed to doses of 10 ofi® or lower could not be developed using water as
the developing solvent. Forced developing with Na,Si03 solution (pH = 10)
developed lower doses than water, but much greater thinning was obseryed. An
unexposed thinning o 0% occurred when developing exposures of 15
with water, and 40 pCFem? with Na,Si03 solution (20 KV). Swelling of the un-
exposed polymer and some adhesion problems were observed

The high sens1t1v1ty previously reported for PMAAm! cannot be attributed
solely to chain sc1551on efficiency (Gs), which has beeh reported to be only
1.5 times that of PMMAZ (Gs determined by y-irradiation). An induction
period in the dissolution of unexposed polymer has also been suggested as
contributing to the sensitivity of this result., In the present work, dis-
solution induction periods were observed with aser interferometry for the !
unexposed films, but the magnitude of these fiduction periods could not ac- S
count for a large enhancement of sens1t;x}t§; Imide crosslink format1on may Saa
have been responsible for the previously“reported sensitivity of PMAAm.! In A
the present work, dissolution induction periods were observed with laser S
interferometry for the unexposed films, but the magnitude of these induction
periods could not account for a large enhancement of sensitivity. Imide
crossltink formation may have been responsible for the previously reported
sensitivity of PMAAm.! In the present work, imide formation was not obser- Y
ved, either after prebaking coated wafers at 180 to 240°C or heating of poly-.. . A
mer solutions for 7 hours at 80°C. Apparently, the conditions for useful AR
formation of imide are difficult -.to reproduce.

~—~Because of the problems encountered with the PMAAm homopolymer during
lithography, a series of MMA-MAAm copolymers were synthesized and evaluated ol
as potential resists. These copolymers eliminated the problems of swelling Ry

and poor soltubility of the hompolymer, but sensitivity enhancement over that o
of PMMA was minimal. A
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Table I - Polyaer synthesis
Temper-
MAAR] MMA| Water]| Acetone| Inftiator ature Tiese Recovery
Polymer (g) | (g)] (m1) (ol) (g) (*c) (hrs.) (g)
PMAAa
(low MW) 25 -- 4s 130 0.05 60 L 17
PMAAD
(high MW) 25 -~ 22.5 65 0.018 55 7 17
P (MMA-co-
213 MAAD) 7 18 22.5 65 0.018 5% 2 2.8
P(MMA-cO-
49% MAAm) 15 10 22.5 65 0.018 55 2.25 .1
P(MMA-co-
715 MAAm) 20 5 22.5 65 0.016 55 1 1.6

acetone. Details of the polymerizations are listed in Tadble I. Two molecular weights of
the PMAAR homopolymer were synthesized, and three compositions of the MAAm-MMA copolymers
were synthesized. The homopolymers synthesized are soluble in formaside, and in aqueous
solutions of acetic acid and urea. The calculated compositions and measured intrinsic
viscosities of the MAAm-MMA copolyamers are presentsd in Table II. The copolymer
compositions have been confirmed using IR spectroscopy.

Table II - Copolymer compositions and viscosities

Mol. Fraction MAAm Intrinsic Viscosity
(calculated) [n], dl/g 30°C Solvent
1.00 2.5 Acetic acid
(glacial)
0.7 2.8 Acetic acid
(0.707 wt. fraction)
0.49 3.1 Acetic acid
(glacial)
0.21 0.7 Chloroform

Intrinsic viscosities of the PMAAR homopolymers, determined in 8 M urea at 30°C, are
0.405 and 0.90 dl/g. Using a relationship reported by Titkova*® for 8 M urea, these
viscosities correspond to weight-average molecular weights (Mw) of 2.3 x 10* and 8.1 x
10*. The higher molecular weight PMAAR {s not soluble in water at any teaperature. The
lover molecular wveight PMAAm {s soluble {n water only when heated to 90°C, but this
polymer reprecipitates upon cooling. In the present work, the best solvent identified for
the homopolymer is a 80% aqueous solution of acetic acid, which is used for casting the
homopolymer films. .

Matsuda and cowvorkers' reported on a PMAA=m polyser that is soluble in water at elevated
temperatures and does not reprecipitate upon cooling. The intrinsic viscosity of this
polymer is reported to be 1.25 dl/g in water at 30°C. Using a relationship reported for
po}yacryla-lde. the authors calculated a viscosity average molecular veight (Mv) of 2.8 x
10°.

Titkova® reported that PMAAm with Mw < 6.8 x 10° {s soluble in water at 25°C, and that
PMAAE with 6.8 x 10° ¢ Mw < 6.0 x 10® is soluble in water at 80-90°C, "the process dbeing
reversible,” and PMAAm with Mw above 6.0 x 10® {s f{nsoluble in water at any temperature.
The results of the present work agree with those of Titkova: The polyamer synthesized with
Mw « 2.3 x 10® fits i{nto the second category, deing soludle in water adbove 80°C, and the
polymer with Mv « 8.1 x 10° fits into the third cstegory delineated dy Titkova, being
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insoludle in vater at any teaperature. However, the polymer synthesized by Matsuda and
co-workers' with a reported molecular weight {Mv) of 2.4 x 10* would not be expected to
regain dissolved in water when cooled to room temperature, based on the work of Titkova.®

Infrared spectra of the PMAla homopolymer and copolymers were measured with a
Perkin-£lmer 683 IR Spectrophotometer. Approxi{mately 1 pa thick files of the resists wvere
spin-coated onto 3-in. diameter silicon wafers, and transaission through the resist and
wafer was measured using a blank wafer in the reference beam. Differential scanning
calorimetry was conducted with a Perkin-Elaer DSC-4, vith a scanning cate of 10°C/ain. {n

AN TP R R At gl s G

-~
‘o a nitrogen atmosphere.
For lithographtc evaluations, films of each resist material were spin-coated onto
3-in. diameter silicon walers. A solution of 40% acetic acid was used for casting the

s

PMAAD homopolymer and the 7135 MAAm copolyaer of MMA. The 4935 MAAm copolymer was cast from
glacfal acetfc acid, and the 21% MAAm copolymer from 2-ethoxyethanol {(cellosolve). PMMA

(for refereace) was cast from chlorobenzene. The copolymer films were prebaked at 200°C

for 15 minutes., The PMAAm homopolymer was prebaked at 180, 200, 220, and 240°C for 15

minutes for an analysis of the effect of prebake condilions on lithographic perforsance. ,
Film thicknesses were measurec with a Tencor alpha step.

-
.

]

Lithographic test patterns were produced with a Camdridge EBMF-I1J-150 usfng an
accelerating voltage of 20 KV. Contrast and thinning were determined by measuring filwm
thicknesses after developing 20 um wide lines exposed at a series of 16 doses. Developing
was conducted in stagnant soluillons, terminated with an appropriate non~solvent, followed
by drying with a stream of nitrogen. A 15 minute postbake at 150°C was used.

- Dissolution rates were measured using a laser {nterferometer fi{lm thickness monitor

s (LIFTM)® for preliminacy optim{zation of developing systems prlor to lithographic

4 evaluation. LIFTM was also used to study prebake effects on the PMAAm homopolymer by

i observing solubility rate ratios and swelling behavior. Dissolution induction periods
4 were also observed with laser {nterferometry.

Results

The PMAAm homopolymers synthesized are not soluble in water at room temperature, and
therefore films are cast from solutions in 0% acetic acid i{n water. In this respect, the
procedures used in the present work differ from the previous work of Matsuda and
co-vorkers,' who used only water for casting the PMAAm films.

Under all expecimental conditions, swelling of lithographic patterns was observed focr
the high molecular weight (Mw «-8.1 x 10*) homopolymer, which limited the resolution of
the lithographic patterns to about 1 ym (Figure 1). Svelling was not alleviated by
altering the developer pH, or by increasing the prebake temperature. The lower molecular
welight PMAAm homopolymer (Mw - 2.4 x 10*) also exhibits severe swelling as well as
adhesion problems.

Figure 1. SEM photomicrograph of lithographic patterns written in PMAAm homsopolyser.
Electron dose {s 20 uC/cm’, and the developer 13 Na,S10, solutlion (pH « 10). The fila has
been predbaked at 220C for 15 slnutes.
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Figure 2. Thinning curves for PMAAm.

Mw = 8 x 10*; prebaked at 220°C. Ordinate Figure 3. Contrast curves for PMAAa
- axis shows the thickness of the unexposed homopolymer, 200°C prebake.
o film remaining at the time which the
dose shown on the abscissa has been
- completely developed.
.? The thinning behavior of PMAAm depends greatly on the developer. Using a 220°C prebake
]

and developing with pure water, 10% of the unexposed background was developed in order to -
- completely develop a 20 ym wide line exposed at 15 yC/cm?® (Filgure 2). Because of the

limited solublility in water, resist exposed at doses lower than 10 yC/¢m® is not developed

with pure water, regardless of developing time. Increasing developing time does not

develop lower doses, but only increases thinning of the unexposed film, presusably by

extraction of lower molecular weight fractions of the polymer. A rough calculation of

final molecular weight after exposure to 10 uyC/cm? of 20 KeV electrons yields a final

molecular weight within an order of magnitude of the threshold molecular weight for

solubility in water at room temperature (Mw « 6.8 x 10*) reported by Titkova, et al.*

- ¥ T
Uit

Dilute agueous solutions of sodium silicate (Na,S10,) are forced developers for the
PMAAM resist, and do not exhibit a solubility limit as observed with water, as even the
unexposed resist is soluble in these solutions., Thinning occurs to a much greater extent
with sodium silicate solutions than with water. Ten percent thinning occurs for
development of patterns exposed at %0 uC/cm?, using a sodiums silicate solution with a pH
of 10 (Figure 2). This thinning behavior in the forced developing regime does not
represent any improvement over that exhibited by PMMA.®

SN WALV

Adequate contcast is obtained when developing PMAAm with pure water. A contrast (Y) of
2.0 is measured when developing patterns exposed to a dose of 13 uC/ca® in water for 0.5
minute (Figure 3). Increasing developing time reduces the contrast and does not develop
patterns exposed at lower doses (Figure 3).

LJ K

Using prebake temperatures {n the range of 180 to 240°C, no significant differences in
lithographic performance are observed. Swelling occurs when using any of these prebake
temperatures, and the contrast is practically independent of prebake temperature. Prebake
temperature, over the experisental range, does not affect the solubility limit experienced
with aqueous developing, nor the degree of thinning by focrced developing with sodius
silicate solutions.
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Previous workers reported a sensitivity of 0.6 uC/ca® for PMAAa with an {nitial
molecular weight (Mv) of 2.8 x 10°* using a 15 ainute prebake at 200°C and an accelerating
voltage of 20 KV.' Although the criterion for sensitivity detersination vas not
pudblished, this 1s clearly a greater sensitivity than that determined in the present
work. What factors could be responsible for the high sensitivity previously reported for
PMAAR? The chain scission efficiency (Gs), determined with gasma {rradiation, has been
reported to be 2.05, or about 1.5 times that of PMMA.® This modest {ncrease in G-scission
could not be responsidle for the nearly 100-fold increase in sensitivity over that of
PMMA.

It has been proposed that the sensitivity of this resist may be enhanced by an
induction time during dissolution. Using a laser {nterferometer films thickness monitor
(LIFTM)*, induction periods are observed during dissolution of unexposed filas of PMAAm
and the MAAzm-MMA copolymer contalning 215 MAAm. The copolymer provides an excellent
example Of an induction period which IS seen as the initial flat portion of the intensity
curve that occurs before the characteristic stnusoidal output created by the interference
pattern during dissolution (Figure N¥). The observed induction periods are not strongly
affected by exposure to vacuum or aging. In the case of the PMAAs hoaopolyser, the
induction period is actually a period of severe swelling, occurring prior to dissolution.
Since these (nduction periods are absent during dissolution of the exposed films, the
phenomena would tend to increase the solubility rate differential between exposed and
unexposed polymer, thus increasing the sensitivity. However, the magnitude of these
induction periods are such that about 0.05 um of exposed resist (20 yC/ca’) would be
expected to dissolve during the induction perjod of the unexposed resist. The magnitude
of this effect would not account for the high sensitivity reported for PMAAs resist. The
concurrent swelling of the unexposed PMAAm homopolymer also limits any contribution of the
induction period to enhancement of sensitivity for that system.
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Figure 4. Dissolution induction period exhlﬂltgd with poly(MMA-21% MAAm).

The most likely cause of the previously attained sensitivity reported by Matsuda and
. co-workers' {s the formatlion of intermolecular {aide crosslinks. It was reported that 62%
- imidization occurred after heating a 7% aqueous solution of PMAAm for T hours at 60°C' or
80°C.* Imide formation was also reported for prebaking on the vafer at 200-250°C.'
Crosslinking has been shown to enhance sensitivity by increasing the initial molecular
waight of resists and reducing thinning of unexposed resist.’ Presumably because of the
imide bridges, the highly selective aqueous developing systems were able to develop the
relatively large exposed areas without such concurrent thinning of the unexposed resist.
Under the experimental conditions of the present work, however, conversion of the aside to
imide is not observed. After heating an aqueous solution of the low molecular veight
PMAAR (Mw = 2.4 x 10*) for T hours at 80°C, infraced spectral analyses do not {ndicate the
formation of imide. Also, imidization is not detected after prebaking PMAAs on silicon
wafers at 180 to 240°C. Imide formation with PMAAm apparently is difficult to control.
This difficulty has been encountered with other crosslinking reaist systeass,*-* and
severely limits the process latfitude of a resist system. Further work to reproduce and
control the imidization reactions of PMAA® would be useful.
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Because of the various diffficulties encountered with the PMAAm homopolyaser, a series of
copolysers with methyl methacrylate were synthesized. Copolymers of MAA® with styrene,
bariua acrylate and methylmethacrylate have been studfed previously, but the coapositions
of these were limited to copolymers containing at least 903 sethacrylamide.’ Dissolution
rate measurements with the MMA-MAA® copolyaers using laser interferometry indicated that
the greatest solubility rate ratios were exhibited by the copolymer containing
approximately 21 mol £ MAAm. 1In contrast to the MAAm homopolymer, this copolymer did not

.-

LT

r

A exnidbit severe avelling problems when writing 1 ym patterns. Using a 15 minute prebake at
200°C and deveioping with 2-ethoxyethanol, adequate contrast (Y - 2.1 at 20 uC/cm*) is
observed with this copolymer (Figure S). Unfortunately, this copolymer resist is subject

, to considerable thinning and in this way is only a marginal Improvement over PMMA (Figure

Conclusions

The sensitivity of the PMAAm homopolymer resist {s about 15 uC/ca?, where sensitivity

- is defined as the incident electron dose that can be completely developed with less than
101 thinning of unexposed resist. This sensitivity has been observed using prebake

l temperatures ranging from 180 to 240°C and an accelerating voltage of 20 KV, Patterns
exposed at doses less than 10 uC/ca® could not be developed with water, but dilute
solutions of sodium silicate developed lower doses (with extensive thinning). Swelling
and adhesion probleas limited the resolution of the PMAAm resist. The previously reported
high sensitivity of PMAAm' was most likely due to the formation of imide crosslinks. Such
imide formation is not observed in the present work. Imide formation {s difficult to
control with this resist system, which seriously limits the process latitude of the

. resist.
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Figure 5. Contrast curve for Figure 6. Thinning curve for
P{MMA - 21% MAAm), prebaked 15 minutes at P(MMA - 21% MAAm). The film was prebaked
200°C, and developed with 2-ethoxyethanol. 15 minutes at 200°C, and developed with

2-ethoxyethanol.
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